This letter presents new results on the combined sensitivity of the LHC and underground dark matter search experiments to the lightest neutralino as WIMP candidate in the minimal Supersymmetric extension of the Standard Model. We show that monojet searches significantly extend the sensitivity to the neutralino mass in scenarios where scalar quarks are nearly degenerate in mass with it. The inclusion of the latest bound by the LUX experiment on the neutralino-nucleon spinindependent scattering cross section expands this sensitivity further, highlighting the remarkable complementarity of jets/ s+MET and monojet at LHC and dark matter searches in probing models of new physics with a dark matter candidate. The qualitative results of our study remain valid after accounting for theoretical uncertainties.
This letter presents new results on the combined sensitivity of the LHC and underground dark matter search experiments to the lightest neutralino as WIMP candidate in the minimal Supersymmetric extension of the Standard Model. We show that monojet searches significantly extend the sensitivity to the neutralino mass in scenarios where scalar quarks are nearly degenerate in mass with it. The inclusion of the latest bound by the LUX experiment on the neutralino-nucleon spinindependent scattering cross section expands this sensitivity further, highlighting the remarkable complementarity of jets/ s+MET and monojet at LHC and dark matter searches in probing models of new physics with a dark matter candidate. The qualitative results of our study remain valid after accounting for theoretical uncertainties. Astrophysical data has convincingly established the existence of non-baryonic dark matter (DM), most likely due to a new kind of neutral, stable, weakly-interacting massive particle (WIMP) [1] . One of the most appealing features of Supersymmetry with conserved R-parity (SUSY) is that it provides us with a natural candidate for WIMP dark matter [2] [3] [4] [5] [6] . If the lightest supersymmetric particle (LSP) in the theory is the lightest neutralino, χ 0 1 , it represents a WIMP with the appropriate properties to account for the observed cosmic dark matter. Aχ 0 1 with mass of O(100 GeV) and typical weak-interaction couplings, develops a relic density in the Universe of the same order as the value now precisely measured by satellite experiments from the analysis of the cosmic microwave background (CMB) spectrum [7, 8] . The search for WIMPs has become one of the most compelling research areas at the intersection between collider physics, non-accelerator particle physics and cosmology [9] . In fact, a WIMP neutralino can be searched for at the LHC, first in direct SUSY searches, from the decay chains of heavier SUSY particles through topologies with the production of Standard Model (SM) particles and significant missing transverse energy (MET), then in directχχ pair production through "monojet" events. Direct DM searches can reveal signals of cosmic WIMP neutralinos through the small energy released in their scattering on the nucleons of the sensitive detector volume in underground experiments. All these searches are characterised by different sensitivities, depending on the SUSY parameters. Within a well-defined model, these sensitivities can be compared and their complementarity and redundancy studied. In the study of WIMP neutralinos, the phenomenological minimal supersymmetric extension of the SM (pMSSM), a minimal, R-parity conserving SUSY model with 19 free parameters [10] , represents a very practical model providing a broad and unbiased perspective on the generic MSSM phenomenology. Its parametrisation ensures that the SUSY particle masses are independent, while keeping a small enough number of parameters limited to allow full scans of the model phase space to be performed. A comparison of the jets+MET and monojet searches at the LHC was already presented in [11] , where the 7 TeV data and specific masses were considered. An earlier general study of neutralinos as DM candidate in the pMSSM was discussed in [12] in [13, 14] . In this letter, we report the results of the first study of WIMP neutralino sensitivity in the framework of the pMSSM, which includes the LHC jets/leptons+MET and the important monojet analyses on full 8 TeV data, the PLANCK CMB constraints and the new results on direct DM searches from the LUX experiment. We show how the inclusion of the LHC monojet analyses and the DM direct detection bounds significantly expands the region of MSSM parameters probed by the data. These searches can test regions of the parameter space not accessible to the LHC direct SUSY searches, characterised by specific kinematics of signal events, in particular with SUSY particles having masses almost degenerate with the LSPχ. We develop a new methodology to interpret the monojet search results in SUSY in a largely modelindependent way. The complementarity with jet+MET direct SUSY searches at the LHC and direct dark matter experiments proves to be remarkable. These conclusions hold also when we account for QCD uncertainties in the monojet event cross section and astrophysical uncertainties in the derivation of theχ-p scattering cross section, σ SĨ χp . This study is based on a large statistics scan of the pMSSM parameters, constraints from lower energy data and the determination of the sensitivity of various search analysis to the spectrum and decay pattern of each accepted pMSSM point. The tools used to perform the scans and the analysis have been presented in [15, 16] . SUSY particle spectra are calculated using SOFTSUSY 3.2.3 [17] , the decay branching fractions for the Higgs and SUSY particles with HDECAY 5.10 [18] and SDE-CAY [19] , respectively. Particularly relevant to this study are the calculations of the neutralino scattering cross sections and relic density, performed with micrOMEGAs [20] and SuperIso Relic v3.2 [21, 22] , respectively. A total of ∼ 10 7 valid pMSSM points have been simulated. Of these, 575k are accepted after imposing the constraints from electro-weak, flavour, DM relic density and lower-energy data discussed in [23] . The relic DM density constraint is applied in the loose form by taking the upper limit from the PLANCK data [8] , but allowing other particles to contribute to the observed cosmic DM and/or modifications to the early universe properties, corresponding to 10 −4 < Ω χ h 2 < 0.163. In order to test the compatibility of the accepted pMSSM points with the LHC searches, we simulate event samples and perform a parametric simulation for the event reconstruction. Events are generated with MadGraph 5 [24] and Pythia 8.150 [25] with the CTEQ6L1 parton distribution functions (PDFs) [26] and the physics observables are obtained from fast simulation performed using Delphes 3.0 [27] . Signal selection cuts are applied to simulated signal events, while the number of SM background events in the signal regions are from the experiment estimates. The 95% confidence level (C.L.) exclusion of each SUSY point in presence of background only is determined using the CLs method [28] .
The monojet searches are based on processes pp → χχ + j which can be seen as a complementary process to theχ + p →χ + p scattering process of DM direct detection experiments, since they both probe the WIMP coupling with standard matter. Monojets are a distinctive topology of events with a single, high p t hadronic jets, limited additional hadronic activity and large MET. Their relevance to the search of pair production of weakly-interacting, or non-interacting, particles was first exploited at the Tevatron [36] and they are now actively searched for at the LHC by ATLAS [37] and CMS [38] , with the analysis of ∼20 fb −1 of data at 8 TeV. The bounds from monojet searches can be interpreted as exclusion contours of the spin-independent WIMP scattering cross section, σ SĨ χp , as a function of the WIMP mass to compare with DM direct searches, relying on an effective approach with contact operators [39, 40] . However, its validity is limited to the cases where a single heavy particle mediates the WIMP scattering with the nucleons. While this condition applies to simple DM models involving just one heavy mediator and a single new particle in the final states, it is generally not applicable to more complex models with several particles in the interaction, such as SUSY. In the specific case of the MSSM with neutralino LSP studied here, monojet events originate from the channel pp →χ 0 1χ 0 1 + j, mediated at tree level by Z and Higgs bosons in s-channel and SUSY particles in t-channel, but also from processes such as pp →qq + j or pp →gg + j, in particular if SUSY particles in the final state decay to aχ and a soft quark or gluon. Such events are of importance when the splitting between the mass of the SUSY stronglyinteracting particles with the LSP is small and make monojet searches especially valuable and complementary to the jets+MET channels in these scenarios. The impact of the monojet searches at Tevatron and the LHC in the MSSM has already been studied in simple, or simplified, models where only one scalar quark or gluino is close in mass to the lightest neutralino [11, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . In order to study the monojet searches in the more general cases offered by the pMSSM, where many SUSY strongly-interacting particles can have similar mass values, we simulate monojet events with MadGraph 5, generating the full 2 → 3 matrix elements for all the possible processes pp →g/q/χ 0 1 +g/q/χ 0 1 + j, interfaced with the Pythia 6 parton shower [55] . This method, specifically developed for our study, appears appropriate for the interpretation of monojet results in the context of general SUSY models. Because of computing time limitations, we generate the processes involving the LSP neutralino, the lightest of the SUSY strongly interacting particles (LSSP) and additional channels involving the other SUSY particles close in mass to the LSP or the LSSP. We verify that the inclusion of the heavier SUSY states does not significantly modify our results, on a selected set of pMSSM points, where all SUSY processes are generated.
MET searches at the LHC have considered a wide variety of topologies and final states. Here, we consider the preliminary results by the ATLAS Collaboration for the search of scalar quarks of the first two generations and gluinos in the jets+MET channel [56], of scalar top and bottom quarks with b-tagged jets and MET [57] and chargino/neutralino associate production in the two- [58] and three-leptons+MET channels [59] .
Searches for WIMP neutralinos scattering in direct DM detection experiments probe the same physical vertex as some of the LHC searches. This makes the comparison of the reach and implications of these searches in the pMSSM particularly interesting. Several experiments have recently reported results corresponding to sensitivities relevant to the study of MSSM scenarios. The most recent result, from LUX, a dual-phase Xenon time projection chamber underground experiment [34] , reported a minimum value of the 95% C.L. upper limit of σ SĨ χp = 10 −9 pb for a WIMP mass of ∼40 GeV. The typical range for MSSM points is 10 −14 < σ SĨ χp < 10 −6 pb for 100< Mχ <1000 GeV [23] . The Xenon-100 [33] and LUX results challenge the excesses of events reported by several other experiments [29] [30] [31] [32] , which may be interpreted as due to a low-mass WIMP with large scattering cross section. We consider the effect of these bounds on the pMSSM parameters by imposing the 95% C.L. upper limit on σ SĨ χp obtained by LUX on our scan points. Similar results are obtained using the Xenon-100 limit.
The sensitivity of the searches discussed above can be quantified first by studying the fraction of accepted pMSSM points incompatible with a given channel or combination of channels at 95% C.L. Results are summarised in Table I . About two-third of the accepted pMSSM points, compatible with the loose Ωh 2 relic density constraint, are rejected by the combination of the LHC and LUX bounds considered here. As anticipated, the inclusion of the monojet and DM direct search ensures the exclusion of a significant fraction of points, not excluded by the jets/leptons+MET LHC searches, corresponding to 17% of our accepted pMSSM points. Contrary to the effective operator approach that would predict only of order 2 × 10 −4 of the points to be excluded by the monojet bounds, the analysis of the 2 → 3 SUSY processes for our pMSSM points gives that 26% of these are rejected by the LHC monojet analyses. Then, we study our results
FIG. 1:
Fraction of pMSSM points excluded by jets/leptons+MET (left) and their combination with monojet searches (right) in the σ in terms of the fraction of accepted pMSSM points in our scans, excluded by the jets/leptons/monojet+MET LHC and the direct DM searches discussed above, as a function of a single, or a pair of, pMSSM parameter to study the parameter regions which benefit from the inclusion of the monojet and direct DM searches. In the context of this study the parameters of interest are the mass of the WIMP candidate, the neutralino LSP, Mχ0, the LSSP mass, Mq ,g and the mass splitting, ∆M = Mq ,g − Mχ0.
In general, the masses determine the production cross section at the LHC, while ∆M controls the signal event kinematics and thus the selection efficiency. In particular, we are interested in assessing the exclusion reach of the LHC and direct DM searches in the σ SĨ χp -Mχ and Mq ,g -Mχ planes and contrast the sensitivity of the various channels, identifying specific regions of the parameter space which are unique to the monojet analyses and the direct DM searches. First we consider the parameter plane σ SĨ χp -Mχ where the comparison to the bounds from direct detection experiments is straightforward (see Figure 1 ). The sensitivity of the LHC monojet searches provides a bound which extend to larger WIMP-χ masses along a line at almost constant scattering cross section compared to the jets+MET analyses. The analysis of the Mq ,g -Mχ plane provides us with a good illustration of the complementarity of the jets/lepton+MET, monojet and direct DM searches. Figure 2 shows the fraction of points excluded at 95% C.L. by the combination of all these searches and also the contours enclosing the region where 68% of the pMSSM points are rejected by jets/lepton+MET channels and their combination with monojets. The latter channel, with its specific sensitivity to low-mass SUSY particles, in particular in degenerate scenarios due to the build-up of the monojet cross section, significantly improves the rejection of points along the Mq ,g
Mχ line, where the jets+MET searches are weaker, due to the reduced transverse momentum of the hadronic jets. This effect shows in a gain of ∼80 GeV in sensitivity to the neutralino LSP mass close to the limit Mq ,g Mχ and a 15% wider surface covered by the contour. The gain is further enhanced with the inclusion of the LUX bound by ∼120 GeV in sensitivity to the WIMP χ mass and 62% wider surface. The extent of these gains reduces when requiring larger fractions of pMSSM points to be rejected. The surface covered by the contour enclosing the region with 90% of the pMSSM points rejected increases by only 8% with the addition of the monojets and by 30% also with the LUX bounds. The fraction of pMSSM points excluded at 95% C.L. by the LHC and DM searches is shown as a function of theχ mass and ∆M , when integrating over all other pMSSM parameters in Figure 4 . The distribution is rather smooth in theχ mass value but the increase in sensitivity at very small and intermediate-to large-∆M values afforded by the inclusion of the monojet and DM search limits is evident. Finally, we estimate the effect of systematic uncertainties by varying the production cross sections of pp →qq,gg by ±20% to account for PDF uncertainties [60] , those of pp →χ 0 1χ 0 1 + j,qq + j by ±30% to include also uncertainties from the generation [11] . However, their effects are small. The σ SĨ χp bounds from direct detection DM experiments depends on assumptions on the local DM density in the Galaxy. We propagate the uncertainty on the local DM density ρ = (0.3 ± 0.1) GeV/cm 3 [61] to the σ SĨ χp 95% C.L. bound. Their effect in the Mq ,g -Mχ parameter plane are summarised in Figure 5 , which shows that the qualitative results of our study remain valid after accounting for these theoretical uncertainties. The authors are grateful to several colleagues for discussion on the topics presented in this letter. In particular, R. Gaitskell and J. Chapman provided the LUX results in numerical form, B. Fuks advised on the monojet cross section calculations and C. Wagner engaged in useful discussion. We also acknowledge the LPCC and the CERN PH-TH unit for computing support. The work of A.A. was supported by the Fédération de Recherche A.-M. Ampère de Lyon; that of F.M., in part, by the National Science Foundation under Grant No. PHYS-
